Introduction & hypothesis Previous studies have suggested that women with urinary incontinence have an altered urinary microbiome. We hypothesized that the microbiome in women with mixed urinary incontinence (MUI) differed from controls and tested this hypothesis using bacterial gene sequencing techniques. Methods This multicenter study compared the urinary microbiome in women with MUI and similarly aged controls. Catheterized urine samples were obtained; v4-6 regions of the 16S rRNA gene were sequenced to identify bacteria. Bacterial predominance (> 50% of an individual's genera) was compared between MUI and controls. Bacterial sequences were categorized into "community types" using Dirichlet multinomial mixture (DMM) methods. Generalized linear mixed models predicted MUI/control status based on clinical characteristics and community type. Post-hoc analyses were performed in women < 51 and ≥ 51 years. Sample size estimates required 200 samples to detect a 20% difference in Lactobacillus predominance with P < 0.05. Results Of 212 samples, 97.6% were analyzed (123 MUI/84 controls, mean age 53 ± 11 years). Overall Lactobacillus predominance did not differ between MUI and controls (45/123 = 36.6% vs. 36/84 = 42.9%, P = 0.36). DMM analyses revealed six community types; communities differed by age (P = 0.001). A High-Lactobacillus (89.2% Lactobacillus) community had a greater proportion of controls (19/84 = 22.6%, MUI 11/123 = 8.9%). Overall, bacterial community types did not differ in MUI and controls. However, post-hoc analysis of women < 51 years found that bacterial community types distinguished MUI from controls (P = 0.041); Moderate-Lactobacillus (aOR 7.78, CI 1.85-32.62) and Mixed (aOR 7.10, CI 1.32-38.10) community types were associated with MUI. Community types did not differentiate MUI and controls in women ≥ 51 years (P = 0.94).
Introduction
Mixed urinary incontinence (MUI) is the involuntary leakage of urine associated with both urgency and stress provocation. Of all incontinence types, MUI is the most refractory to treatment, its pathophysiology the least understood and therapies the least standardized, posing significant treatment challenges [1] . Women with MUI face a therapeutic dilemma because of the dual nature of their condition; treatment of stress urinary incontinence (SUI) symptoms may exacerbate urgency while treatment of urgency urinary incontinence (UUI) symptoms may worsen SUI. The study, Effects of Surgical Treatment Enhanced with Exercise for Mixed Urinary Incontinence (ESTEEM), was designed to compare stress, urgency and MUI symptom outcomes in an MUI population treated with surgery alone versus surgery and behavioral/pelvic floor therapy [2] . The ESTEEM study's population provided a singular opportunity to evaluate the urinary microbiome as a biologically plausible contributor to MUI.
Prior work has established that the female urinary microbiome is associated with UUI [3] [4] [5] . With the advent of precise bacterial DNA testing, it is clear that a female urinary microbiome exists and that it may have a role in UUI treatment response [3, 5] . As the urinary microbiome may have a role in UUI, the question arises whether the urinary microbiome may also play a role in MUI, an even more severe form of incontinence that includes UUI. The current study builds on the existing data regarding the relationship between the urinary microbiome and UUI and expands its scope to include those participants with MUI. This is clinically relevant, as MUI is enigmatic and difficult to treat. For example, improvement of the UUI component of MUI following stress incontinence surgery has never been clearly understood. If change in the MUI microbiome occurs, particularly in the microbiota associated with UUI, clinicians would then have a potential explanation for improvement of the UUI component of MUI following stress incontinence surgery. This MUI microbiome study's over-arching goal is to provide insight into MUI's underlying pathophysiology and to gain insight into MUI's varying clinical responses following treatment.
In the current study, we evaluated the urinary microbiome in women with MUI at baseline compared with asymptomatic, similarly aged controls. Subsequent work may determine whether MUI microbiome characteristics have a role in MUI treatment response. Based on previous studies that found that women with UUI have a more diverse microbiome and decreased Lactobacillus compared with controls [3, 4] , we hypothesized that the microbiome of women with MUI differed from asymptomatic controls in both overall Lactobacillus predominance and microbial community types.
Methods

Study population & design
This multi-site, IRB-approved, observational study evaluated the urinary microbiome in women with and without MUI. The methodology for this study has been previously published [6] . We excluded patients who had used oral or intravenous antibiotics within the last month, who had used vaginal antibiotics within the prior 7 days and who were currently using vaginal probiotics or spermicides. Furthermore, we discouraged participants from engaging in vaginal intercourse/douching/using vaginal sprays or wipes for 48 h prior to study visits, and specimens were collected at least 48 h following cessation of menses. MUI participants consisted of a subset of women enrolled in a randomized trial of MUI treatment comparing the efficacy of mid-urethral sling (MUS) surgery alone to MUS surgery and behavioral therapy (NCT# 01959347) [2] . For this supplementary study, we also recruited controls who were of similar age as the MUI cases, as described in the methods paper [6] .
Participant characteristics and baseline symptom questionnaire data were obtained including the Urogenital Distress Inventory (UDI) to measure incontinence symptom severity in the MUI participants [7] . The UDI irritative subscale score reflected UUI, the UDI stress subscale score reflected SUI, and the total UDI score reflected MUI severity. The parent study required all MUI participants to have at least "moderate bother" on the UDI for the UUI and SUI items: "Do you usually experience leakage associated with a feeling of urgency…?" and "Do you usually experience urinary leakage related to coughing, sneezing, or laughing?" Controls had slight or no incontinence (Incontinence Severity Index scores ≤ 2) and no significant overactive bladder symptoms (Overactive Bladder Awareness Scores < 8) [8, 9] .
As described previously [6] , catheterized urine (5-10 ml) was placed in commercially available tubes containing Assay Assure® DNA protectant after screening negative for infection (absence of dysuria and negative dipstick analysis with nitrites/leukocyte esterase ≤ trace). An additional 4 ml of urine was placed in BDVacutainers® (Sierra Molecular Corp., Incline Village, NV, USA) for routine urine culture. Tubes were shipped on cold pack to the UNM CTSC Laboratory and received within 24 h. A clinical laboratory (Tricore Reference Laboratories, Albuquerque, NM, USA) performed routine urine culture, and study investigators at the UNM CTSC Laboratory performed immediate DNA extraction. Following DNA extraction, samples were stored at −80°C until completion of specimen collection at all sites. Investigators then performed polymerase chain reaction (PCR) amplification and 16S sequencing.
Laboratory methods
By design, the study masked laboratory investigators to samples' MUI or control status. DNA isolation procedures, library preparation, sequencing techniques, and analytics have been previously described in detail [6] . As noted in our methods manuscript, variable regions 4-6 of the 16S rRNA gene were amplified by PCR using primers 515F and 1114R with the addition of Illumina® Nextera linker sequences [6, 10] . If a single PCR amplicon of the correct size was not identified during gel electrophoresis (Agilent Bioanalyzer 1000), DNA was re-isolated from remaining urine and the sample was reprocessed. If upon resampling the sample failed again, it was excluded from further processing and analysis. We were unable to recover suitable DNA from five urine samples collected in this study. A second PCR of ten cycles was used to complete the Illumina adapter sequence and to add dual 8-nucleotide index sequences. Completed sequencing libraries were purified, and unused primers were removed using Agencourt AMPure XP beads. After quantification and purity assessment by Qubit fluorometeric and gel electrophoresis bioanalysis (Agilent Bioanalyzer 1000), samples were pooled in equimolar ratios for sequencing.
Sequencing utilized version 3 sequencing chemistry and paired 300-bp sequencing reads on the Illumina MiSeq®. Each batch of 96 samples included 88 unique patient samples, 6 repeated samples to assess sample reproducibility and 2 negative controls, consisting of a no-DNA extraction control and a no-template PCR control that underwent all PCR, library preparation and sequencing steps. With the given depth of sequencing in this study, no-template negative control samples produced a mean of 3077 (range 2410-4242) classified sequencing reads; consequently, to ensure a low likelihood of false-positive results, we used a threshold of > 12,000 classified sequencing reads for samples to be included in the final analysis.
Bioinformatics analysis
Overlapping sequencing reads were combined into a single read and operational taxonomic unit classifications were completed and compared via a high-performance implementation of the Ribosomal Database Project (RDP) Classifier [11] to a curated version of the May 2013 Greengenes database using the Illumina® BaseSpace 16S Metagenomics App (v1.01). Specifically, the Greengenes data were modified to remove 16S sequences with a length was below 1250 bp, entries that had more than 50 wobble bases, and ambiguous epithets and partial classifications. The database includes 16S rRNA sequences representing 33 phyla, 74 classes, 148 orders, 321 families, 1086 genera and 6466 distinct species. The use of the Illumina BaseSpace 16S Metagenomics pipeline was an effort to increase the reproducibility and comparability of our data by using a standardized bioinformatic process that can be easily replicated by other researchers. Urinary bacteria were identified to the genus level in this portion of study analysis.
Statistical analysis
The primary aim of this study was to examine the difference in Lactobacillus predominance between MUI and controls. Predominance was defined as a sample in which a specific genus constituted > 50% of an individual's taxonomic community. The overall proportions of women with Lactobacillus predominance were compared between MUI and controls using chi-square tests. Sample size analysis, with 80% power and alpha of 0.05, indicated that urine specimens from 200 women (120 MUI, 80 controls) would be required to detect a 20% difference in Lactobacillus predominance [6] .
The secondary aim was to compare the bacterial taxa between MUI and controls utilizing Dirichlet Multinomial Mixture (DMM) modeling, which identified bacterial communities across MUI cases and controls [12, 13] . The DMM method clustered samples based on the relative abundance of identified microbiota. DMM methodology effectively manages the large data dimensionality associated with microbiome analyses. This facilitated use of sequencing results in the form of bacterial community types and clinical variables in multivariable analyses. Prior to the quantitative analysis, investigators reviewed community types for clinical relevance. Chi-square testing was used to evaluate whether the DMM community types differentiated participants with MUI from controls.
Participant characteristics were compared across the DMM community types in bivariate analysis using chi-square tests and analysis of variance (ANOVA) models. A multivariable generalized linear mixed model with a logit link was constructed to predict the MUI or control status based on DMM community type, with demographic and medical history variables significantly associated with DMM community type in bivariate analysis (p < 0.05) and variables associated with MUI versus control status and other variables of clinical significance as covariates. The model also included a random effect for clinical site.
The study recruited controls of similar ages to MUI participants because of the known age-dependent differences in the female vaginal microbiome and the potential influence of age upon the human microbiome in general [14, 15] . Since the six DMM community types differed by age, separate post hoc sub-analyses were performed in women < 51 and ≥ 51 years, the median age of menopause [16] . Self-reported menopausal status was not used to discriminate community types, as approximately 20% of women in this study did not know their menopausal status.
Overall alpha and beta diversities were compared between MUI and controls. Alpha diversity (Shannon index as a measure of bacterial genus diversity within individuals) was evaluated using a similar linear mixed model to those described previously, with the following covariates: DMM community type, MUI versus control, age, BMI, smoking status and ethnicity. Beta diversity (provides a measure of dissimilarity between individuals) was evaluated using ordination analysis, including nonmetric multidimensional scaling distance-based redundancy analysis and multivariate homogeneity of group dispersions [17] [18] [19] . Additionally, multivariate analysis of variance (MANOVA) association testing evaluated beta diversity using the same covariates as the alpha diversity model [20] .
Results
Two hundred twelve women (128 MUI, 84 controls) contributed specimens for this study from January 2015 through April 2016. DNA was successfully extracted, sequenced and analyzed from 97.6% (207/212) of the specimens (123/128 MUI, 84/84 controls). Participants' mean age was 53 years and did not differ between MUI and controls. MUI participants had higher mean BMI, were more commonly Hispanic, more commonly had recurrent UTIs and more commonly used vaginal estrogen compared with controls ( DMM analysis identified six DMM community types. Figure 1 qualitatively and quantitatively describes the composition of the six communities. In bivariate analysis, the proportion of women belonging to the DMM community types differed between MUI and controls (P = 0.032) ( Table 1) . Additional bivariate analyses of clinical characteristics found that DMM communities also differed in age and smoking status ( Table 2) .
On initial multivariable analysis, higher BMI and Hispanic ethnicity remained significantly associated with MUI (Table 3 ). Although history of recurrent UTIs and the use of vaginal estrogen were significant on bivariate analysis, there were too few subjects in these groups to reliably include them as separate covariates in this model. There was no significant effect overall in community type composition between MUI and controls (P = 0.196) ( Table 3) . However, as bivariate analysis indicated that DMM communities varied by age, post hoc multivariable analysis of women < 51 years of age (controlling for DMM community types, smoking status, ethnicity, age and BMI) revealed that DMM community type and BMI remained associated with MUI (Table 4) . In this multivariable model, the community with a very high proportion (89.2%) of Lactobacillus (High-Lactobacillus community type 1, Fig.1 ) served as the comparator community as it had the highest proportion of controls. In these younger women, those with the mixed genera community type (Mixed community type 2, Fig.1 ) or those with the moderate Lactobacillus community type (Moderate-Lactobacillus community type 6, composed on average of 61.1% Lactobacillus, Fig. 1 ) had approximately 7-to 8-fold increased odds of having MUI (Table 4) . Post-hoc multivariable analysis of women ≥ 51 years revealed that bacterial community types did not differ between MUI and controls (P = 0.938); only body mass index (P = 0.010) remained independently associated with MUI (Appendix Table 1 ).
Alpha diversity (Shannon and Simpson Indexes) did not differ between MUI and controls, but did differ based on DMM community types ( Table 5 ). The High-Lactobacillus community type 1 was the most homogeneous and least diverse, with all other community types being more diverse (p < 0.001). Beta diversity also did not differ between the MUI and control groups (Appendix Fig. 1 ).
Discussion
We found no difference in Lactobacillus predominance between women with MUI compared with similarly aged controls. However, analysis of community types resulting from DMM clustering of individuals into groups based on the entire composition of the urinary microbiome revealed that several urinary bacterial communities significantly differed between MUI and controls in women < 51 years of age.
DMM methodology concomitantly uses the presence and abundance of all genera across both cases and controls to identify groups with similar microbial communities [14, 15] . This method accommodates data with rare or sparse genera and varying numbers and types of identified genera across samples [12] . The DMM community types, derived based on commonality of genera, served as independent variables in multivariable analysis along with clinical parameters such as age and BMI. Other clustering methods measure pairwise distances between observations based on a single metric derived from the differences in individual genera (for example, the maximum or minimum difference). Instead of using hierarchical clustering of individuals based on these metrics, we chose to use DMM methods to more fully account for the diversity and particular composition of the microbiome [12, 13] .
Six urinary community types were identified by DMM analysis. Communities differed by age, smoking history and presence of MUI. We found that the High-Lactobacillus community (89% Lactobacillus) (community type 1) had the largest proportion of asymptomatic controls, while two other Chi-squared tests or ANOVA microbial communities were associated with MUI. In younger women, both BMI and specific DMM communities were associated with MUI. Compared with the High-Lactobacillus community type 1, a Mixed (low-Lactobacillus, community type 2) and a Moderate-Lactobacillus community type 6 were associated with 7-to 8-fold higher odds of MUI. These results are similar to those of another female urinary microbiome study, which noted that the UUI microbiome was characterized by decreased Lactobacillus and increased Gardnerella abundance, characteristics comparable to our MUI Mixed DMM community type 2 [4] . Thus, two research groups using different analytic techniques found congruent results in women with UUI and MUI. These findings suggest that Lactobacillus may be associated with continence, whereas Gardnerella may be associated with incontinence, and the proportions or combinations of these bacteria may influence urinary symptoms, particularly in younger women. In older women, only BMI, not microbiome communities, remained associated with MUI in multivariable analysis. The differential impact of age on urinary microbiome findings underscores the importance of recruitment of similarly aged, asymptomatic controls. The effect of age on microbial communities may contribute to treatment response and disease severity in UI. In the vaginal microbiome, Lactobacillus dominates the microbiota of premenopausal women (83%) compared with dominance in only 54% of post-menopausal women [14] . Similarly, the current study found that in the urinary microbiome, Lactobacillus dominance in women in women < 51 was greater than in women ≥ 51 years. Although studies of the relationship between the urinary and vaginal microbiomes are scarce, the possibility that the two microbiomes may be linked will be investigated in a planned future analysis. A more recent culture-based study that compared women with overactive bladder and healthy controls also demonstrated differences in bacterial genera. Lactobacillus was found less commonly in women with overactive bladder [21] . Our study also found that a highly predominant Lactobacillus community (High-Lactobacillus, community type 1) was more common in controls, while women with MUI (Mixed and Moderate-Lactobacillus community types 2 and 6) more commonly had communities with lesser proportions of Lactobacillus. In aggregate, these studies support the concept that Lactobacillus may be associated with lack of urinary symptoms. Importantly, Lactobacillus abundance alone did not distinguish between the absence and presence of urinary symptoms. The proportion of Lactobacillus as well as the combination of Lactobacillus, Gardnerella and other genera (such as Prevotella, Serratia, Eschericia, Streptococcus and Tepidomonas) may distinguish those with or without urinary symptoms. For example, despite the Lactobacillus predominance in the Moderate-Lactobacillus community type 6, Gardnerella, in combination with other genera, more commonly represented MUI. The current study suggests that Lactobacillus occurrence or predominance may not be the only predictor of urinary symptoms, but that Lactobacillus, in addition to combinations and proportions of other bacterial taxa, may influence MUI communities and the MUI microbiome.
Thomas-White recently evaluated the microbiome of women undergoing SUI surgery and found no association between SUI symptoms and microbiome status [22] . The current study could not attribute the observed differences in the MUI microbiome to UUI or SUI predominance, but findings from Thomas-White suggest that the driving influence on the MUI microbiome may be the UUI component [22] . Those investigators also reported that UUI symptoms were associated with BMI and menopausal status. Our findings, too, found that BMI and older age (as a reflection of menopausal status) were independently associated with MUI. Our study, similar to reports from Pearce [4] and Karstens [23] , found that overall microbiome diversity measures did not differ between MUI and controls. We did find, however, that the community with the least alpha diversity (community type 1) was most commonly found in controls, whereas all other communities, including those representative of MUI (community types 2 and 6), were more heterogeneous. This is consistent with microbiome studies from other body regions, which have reported that increasingly heterogeneous communities may be associated with disturbed habitats [12] .
Strengths of this study include strategies to improve generalizability and minimize bias: rigorous definitions distinguishing MUI cases and controls, a well-characterized and age-matched asymptomatic control group recruited from multiple geographic sites, the use of state-of-the-art metagenomics and masking of laboratory investigators to case/control status. The analysis was further strengthened by the use of DMM to decrease data dimensionality and facilitate multivariable analysis. Limitations include its analysis to the genus rather than species level; in our future work comparing the urinary and vaginal microbiomes we will analyze to the species level. The use of a group demarcation of 51 years may not precisely reflect the age of menopause. We chose this cutoof point because self-identified menopausal status was missing in approximately 20% of our participants and selfidentification of menopause misclassifies 30-40% of women [24, 25] . Finally, given that the analysis characterizing the MUI microbiome was complex and numbers within the final six DMM groups were relatively small, our findings will require confirmation by studies with larger cohorts.
In summary, Lactobacillus predominance did not differ between MUI and controls. We did find that although membership in distinct DMM communities did not distinguish between MUI and controls overall, it did distinguish between MUI and controls in younger women < 51 years. Younger MUI participants more commonly had ModerateLactobacillus or Mixed communities rather than a HighLactobacillus community. Whether the high preponderance of health-associated bacteria (Lactobacillus) or the shift in the balance of MUI-associated bacteria (e.g., Gardnerella, Prevotella) contributes to bladder symptoms warrants further investigation. Furthermore, whether these communities are found to be predictive of treatment success in these participants of the parent trial is yet to be determined [6] .
